A 20-cm diameter electron cyclotron resonance xenon ion thruster for space propulsion is under development that generates 500 mA of ion beam current at a microwave discharge power of 100 W. It does not have any moving mechanical parts for microwave impedance matching. Extracted ion currents and reflected microwave powers were experimentally investigated around a nominal frequency of 4.25 GHz for different flow rates. Optimized frequency tuning within 0.6% of the nominal frequency minimized the microwave reflection and maximized the ion current at each flow rate between 0.39 and 1.27 mg/s. However, constant frequency operation at 4.266 GHz is recognized as the best strategy because it provided with fare performance in wide range of flow rate and almost minimum reflection during tentative stop of beam extraction after high voltage breakdowns.
Introduction
In order to advance the technology of electron cyclotron resonance (ECR) microwave discharge ion thrusters known as the "µ(mu)" family, Japan Aerospace Exploration Agency (JAXA) has been developing a 20-cm diameter thruster µ20 after successful development and flight experiences of an asteroid explorer "Hayabusa" employing four 10-cm diameter thrusters µ10 1) . In contrast to the µ10 whose ion beam current was saturated to 150 mA at higher microwave powers than 30 W, the µ20 can generate 500 mA ion beam current with 100 W microwave power and 1100-1300 V acceleration voltage, yielding beam ion production cost (discharge power per unit beam current) of 200 W/A and thrust of 27 mN thanks to enlargement of the discharge chamber and moderate plasma density below cutoff. The µ20 will be applied to deep space missions with larger delta-v and more massive spacecraft than Hayabusa.
A block diagram of a typical microwave supply system for an ECR ion thruster is shown in Fig. 1 . A small microwave signal generated by an oscillator is amplified by a traveling wave tube (TWT) which is dominant in space applications where higher powers than 30 W are necessary. Total power conversion efficiency (= output microwave power over input DC power supplied from the spacecraft) of TWT and its electric power conditioner (EPC) is 50-60%. Microwaves are easily attenuated before launched in the discharge chamber of the ion source by passage of passive components such as a circulator, directional couplers for forward and reflected power monitoring, a DC block for electrical insulation to apply beam voltage to the ion source, and coaxial cables between these components. Total microwave power efficiency including these losses and the TWT amplifier efficiency easily dropped down to 40-50%. In addition, there is another power loss mechanism, microwave power reflection from the plasma discharge chamber by impedance mismatching. This degrades thrust efficiency even more and should be decreased because the incident microwave power of 100 W is nearly the maximum power for light-weight coaxial cables and high reflectance may damage the microwave components. Most of ground ECR ion/plasma sources are equipped with a triple-stub tuner in the microwave feed line for impedance matching and are operated at a constant microwave frequency of magnetrons (usually at 2.45 GHz). Some of them are operated using automatic mechanical tuners 2) . On the other hand, JAXA's ECR ion thrusters for spacecraft propulsion eliminate these mechanical tuners because of simplicity, reliability and robustness. Due to such limitations, final tuning was done for the Hayabusa µ10 thrusters by adjusting geometric parameters such as the waveguide length to obtain the best impedance matching under ion beam extraction though this trial-and-error procedure was a very hard task.
Another approach for impedance matching will be to determine and never adjust discharge chamber geometry, but to tune the microwave frequency to one of resonant modes of the discharge chamber with plasma load. This kind of approach has been rarely tried because frequency tuning capability is unusual especially in ground applications of ECR plasma using fixed frequency magnetron oscillators. In this work, impedance matching characteristics of the µ20 thruster has been experimentally investigated by adjusting the microwave frequency without changing the discharge chamber geometry. How to set the frequency for good performance and reliability will be discussed. Fig. 1 . Block diagram of a typical microwave supply system for an ECR ion thruster. Allow length for heat dissipation roughly shows its relative magnitude.
Experimental Apparatus
A laboratory model of the μ20 dedicated to an endurance test 3) was used. The thruster provided a 0.5 amp beam current at a net accelerating potential (screen voltage) of 1250 V and an accelerator potential of -200 V. Table 1 shows the specifications and typical operating conditions of the μ20 thruster. The magnetic field and magnet arrangement for µ20 are illustrated in Fig. 2 . Magnetic field and propellant injection method of the ion source has been optimized to minimize the beam ion production cost. The performance is highly dependent on the propellant injection method that affects electron-heating process. More than ten configurations including end-wall and side-wall injections had been experimentally investigated 4) . The best injector layout shown in Fig. 2 provides 10-20% more efficient ion beam production than the worst injector layout. This discharge chamber shows sufficiently small microwave reflection without use of any stub tuners if the microwave power is changed almost proportionally to xenon flow rate 5) . However, flight thrusters will be operated at a fixed microwave power for system simplicity and xenon flow rate will be the only operating parameter that can be controlled from ground stations. The minimization of microwave reflection at a constant microwave power is the main concern of this paper.
The ion source was mounted on a 500-mm diameter aluminum panel for radiation cooling by using AlN ceramic insulators. The radiator and the exterior housing of the ion source for electro-static shielding were electrically connected and they were hung on a stainless steel flange of a sub-chamber of the endurance test facility. The chamber wall was grounded. The thruster was operated with standard laboratory power supplies for a screen grid and an accelerator grid.
Microwave powers in the following experimental results were calibrated and defined at the antenna input connectors. Microwaves are generated by a solid-state microwave power amplifier and supplied to the ion source through coaxial cables and DC blocks that pass microwaves at insertion losses less than 5%, but their both ends are electrically isolated. The vacuum facility, approximately 2 m in diameter and 5 m long, utilizes cryogenic pumps to operate at a nominal pumping speed of approximately 40,000 l/s. Background pressure was lower than 2×10 -3 Pa at the total xenon flow rate as large as 1.2 mg/s.
Currently, the ion thruster accumulated total operational time of 10,000 hours with marginal performance degradations. Microwave frequency can be controlled by a commercial signal generator with a precision of 1 MHz around the nominal frequency of 4.25 GHz. Incident microwave power calibrated at the thruster antenna was fixed to 100 W. Xenon flow rate was controlled by a commercial mass flow controller whose maximum flow rate is 1.95 mg/s. The ion thruster should be operated at flow rates between 0.39 and 1.27 mg/s to provide a power and thrust throttling capabilities. Fig. 3 summarizes combinations of flow rate and frequency investigated in this experiment. 
Results and Discussions
Figures 4 and 5 show the extracted ion current and the microwave power reflection as a function of frequency at a flow rate of 1.17 mg/s which is the critical flow rate that achieves the highest ion current or thrust of this thruster. The best operating frequency for this flow rate was 4.266 GHz with only 1 W of microwave reflection. A frequency offset by only 0.6% from the best frequency to 4.24 GHz reduced the current by 23% due to a very high reflection of 43 W. It is clear that the frequency tuning is important for high performance.
Figures 6 and 7 show the extracted ion current and the microwave power reflection as a function of flow rate for different operation frequencies. When the flow rate was decreased to the minimum of 0.39 mg/s, the microwave reflection gradually becomes very high for all the frequencies. Fig. 8 shows singly charged ion equivalent current of neutral efflux, which is proportional to the neutral density or pressure, calculated by subtracting the ion current from the equivalent current of xenon flow rate. Fig. 8 indicates that the discharge chamber pressure of the ion thruster decreases at lower flow rates. The minimum to maximum neutral pressure ratio is about 1/7 in these experiments. The ratio of minimum and maximum ion current is 1/2.4. The decreases both in electron density and neutral density are the probable causes of poor microwave power absorption to the ECR plasma and more microwave power reflection at lower flow rates. The dummy load should process the heat dissipation of 25-40 W for such minimum thrust operations. Traces of "Max. gas efficiency" in Figures 3, 6 -7 indicate optimal frequency as a function of flow rate that maximizes the ion beam current extracted at a given mass flow rate. Gas efficiency (or propellant utilization efficiency) is the fraction of ion current (in mA) to xenon flow rate (equivalent current of singly charged ions in mA). For example, this thruster generates 555 mA of ion current at a flow rate of 860 mAeq (1.17 mg/s), which corresponds to a gas efficiency of 0.65. This kind of active frequency tuning minimizes the reflection at higher flow rates than 0.78 mg/s, but not for lower flow rates. The reason why 2% higher ion current was obtained even with 80% larger reflected power at 0.39 mg/s was not clear and further research is necessary. The active frequency tuning requires a more advanced oscillator such as a digital direct synthesizer, voltage controlled oscillator, or temperature controlled oscillator whose frequency can be adjusted by commanding from a thruster control unit. Conventional oscillators for constant frequency applications such as Hayabusa ion thrusters are simple and reliable dielectric resonator oscillators. Constant frequency operation at 4.266 GHz is much simpler and more robust than variable frequency operation, and it also provides sufficiently high ion current. Another viewpoint to compare the frequency tuning strategies is the feature without ion beam extraction. These operations are necessary when high voltage breakdowns occur at ion optics or during baking operation of the thruster after launch from the Earth. Fig. 9 shows the reflected microwave power as a function of flow rate with and without beam extraction for two frequency tuning strategies. Frequency optimization for each flow rate was carried out under the condition with beam extraction. But we have to consider the microwave reflection when the beam extraction was temporally stopped due to high voltage breakdowns at ion optics. Here, it is assumed that the frequency is fixed during such a temporal suspension of beam extraction within a few to 30 seconds. The two frequency tuning strategies show small difference in microwave reflection with beam extraction as shown in Fig. 9 . However, the constant frequency operation at 4.266 GHz shows lower microwave reflection than the active frequency tuning operation at flow rates lower than 1.17 mg/s without beam extraction. If the thermal design or the power handling of the dummy load in Fig. 1 limits the microwave reflection to 30 W, thruster operation at flow rates lower than 0.97 mg/s is impossible in the case of active frequency tuning because the reflection will exceed 30 W when the beam extraction stops.
This critical frequency of 4.266 GHz would be related to the inner diameter of the discharge chamber. In our former work 5) , 2-dimensional microwave E-field distribution measured inside the discharge chamber was like TM11X mode in which there were two intensity peaks along the azimuthal direction. The "X" is an unknown mode number for axial direction which was not experimentally investigated. We predict the X is 0 based on the following two reasons. The axial length of the discharge chamber between screen grid upstream surfaces and magnet surfaces is only 20 mm and its shorter than a half of the free space wavelength in vacuum (35.2 mm). Azimuthal mode numbers of the E-field distributions measured with and without plasma discharge were 2 and 3, respectively. This suggests that the RF wavelength is longer with plasma discharge than without plasma discharge 5) . Thus, it is thought that there is no standing wave in axial direction and E-field is uniform in this direction with plasma discharge. The other reason is that when we changed the axial discharge chamber length by ±1 mm using older model of the thruster, we saw no change in ion beam current and optimal microwave frequency. The 10% change of axial length did not affect frequency response, which supports our prediction. The critical frequency might be adjusted to the nominal frequency of 4.25 GHz by shaving the inner side wall by the order of thickness of 0.1 mm, if necessary. This is our future work. 
Conclusion
Extracted ion currents and reflected microwave powers of a 20-cm diameter ECR xenon ion thruster were investigated as functions of microwave frequency and xenon flow rate. Though adjustment of the microwave frequency can maximize gas efficiency, the most simple solution is to select the constant frequency of 4.266 GHz which achieves sufficiently high gas efficiencies and the lowest microwave reflections with beam extraction for wide range of flow rates. This strategy provides more moderate microwave power reflection during temporal suspension of the beam extraction after occurrence of high voltage breakdowns in ion optics.
